We studied the magnetization as a function of temperature and magnetic field in the compounds Nd 0.5 Sr 0.5 MnO 3 , Nd 0.5 Ca 0.5 MnO 3 and Ho 0.5 Ca 0.5 MnO 3 . It allowed us to identify the ferromagnetic, antiferromagnetic and charge ordering phases in each case. The intrinsic magnetic moments of Nd 3+ and Ho 3+
I. INTRODUCTION
Compounds like La 0.5 Ca 0.5 MnO 3 and Nd 0.5 Sr 0.5 MnO 3 present a real-space ordering of Mn 3+ and Mn 4+ ions, named as charge ordering (CO). Close to the charge ordering temperature (T CO ), these materials show anomalies in resistivity, magnetization and lattice parameters as a function of temperature, magnetic field and isotope mass 1, 2 . At low temperatures both, ferromagnetic and antiferromagnetic phases, could coexist 3 . However, a relatively small external magnetic field can destroy the CO phase and enforces a ferromagnetic orientation of the spins 4 .
Moreover, electron microscope analysis has revealed convincing evidence that CO is accompanied by orientational ordering of the 3d 3 orbitals on the Mn 3+ ions, called orbital ordering (OO) 5 . The physical properties in CO manganese perovskites are thought to arise from the strong competition among a ferromagnetic double exchange interaction, an antiferromagnetic superexchange interaction, and the spin-phonon coupling. These interactions are determined by intrinsic parameters such as doping level, average cationic size, cationic disorder and oxygen stoichiometry. Microscopically, CO compounds are particularly interesting because spin, charge and orbital degrees of freedom are at play simultaneously and classical simplifications that neglect some of these interactions do not work. More detailed information on the physics of manganites can be found in a review paper by Myron B.
Salamon and Marcelo Jaime 6 .
We have shown that polycrystalline samples of La 0.5 Ca 0.5 MnO 3 and Nd 0.5 Sr 0.5 MnO 3 presented an unusual magnetic relaxation behavior close to each critical temperature 7 , 8 . However, a clear understanding of all these features has not been reached yet. An alternative to a bulk characterization like magnetization would be to perform specific heat measurements.
In contrast to magnetization, which has a vector character, the specific heat is an scalar.
Therefore, a comparison between both types of data could give valuable information.
J. E. Gordon et al. 9 reported specific heat measurements for a Nd 0.67 Sr 0.33 MnO 3 sample and found a Schottky-like anomaly at low temperatures. They associated this result to the magnetic ordering of Nd 3+ ions and the crystal-field splitting at low temperature. F. Bartolomé et al. 10 also found Schottky-like anomaly in a closely related compound of NdCrO 3 .
They proposed a crystal-field energy level scheme in agreement with neutron-scattering studies in the same sample. In two papers V. N. Smolyaninova et al. 11 , 12 studied the low temperature specific heat in Pr 1−x Ca x MnO 3 (0.3<x<0.5) and La 1−x Ca x MnO 3 (x=0.47, 0.5 and 0.53). They found an excess specific heat, C´(T), of non-magnetic origin associated with charge ordering. They also reported that a magnetic field sufficiently high to induce a transition from the charge ordered state to the ferromagnetic metallic state did not completely remove C´(T). However, no Schottky anomaly was found in any of these compounds.
Here, we report magnetic and specific heat measurements with applied magnetic fields between 0 and 9 T and temperatures between 2 and 300 K for Nd 0.5 Sr 0.5 MnO 3 , Nd 0.5 Ca 0.5 MnO 3
and Ho 0.5 Ca 0.5 MnO 3 samples. All these compounds presented a Schottky-like anomaly at low temperatures, as well as characteristic peaks associated to the charge ordered, antiferromagnetic and/or ferromagnetic transitions. We have already reported a short version of preliminary results about these topics 13 . However, as far as we know, detailed specific heat measurements in these compounds have not been published.
II. EXPERIMENTAL METHODS
impurity phases. This powder was pressed into pellets and sintered in air at 1050
hours. X-ray diffraction measurements indicated high quality samples in all cases.
The magnetization measurements were done with a Quantum Design MPMS-5S SQUID magnetometer. Specific heat measurements were done with a Quantum Design PPMS calorimeter. The PPMS used the two relaxation time technique, and data was always collected during sample cooling. The intensity of the heat pulse was calculated to produce a variation in the temperature bath between 0.5 % (at low temperatures) and 2% (at high temperatures). Experimental errors during the specific heat and magnetization measurements were lower than 1 % for all temperatures and samples.
III. RESULTS AND DISCUSSION
A. Magnetization measurements Figure 1 shows the temperature dependence of magnetization, measured with a 5
T applied magnetic field and zero field cooling conditions, in polycrystalline samples of We fitted the magnetization data, measured with a probe field of 0.1 mT for all samples, to a Curie-Weiss law: One, that there is not hysteresis at all, and second, that the magnetization values at 5 T are well below the theoretical saturation value of 8.7 µ B . In order to try to discriminate between a paramagnetic or ferromagnetic ordering at 2 K, the experimental points were fitted by a Brillouin function 21 :
where γ = g µ B , β = 1/k B T and
Here, x = β γ J H, N/V is the number of ions per unit volume, g is an effective gyromagnetic ratio, J is the total angular momentum,T is the temperature, µ B is the Bohr magneton 
where located at energies of 388, 439, 690 and 877 K. However, these peaks were not the only ones, they could change with temperature and they are not narrow. Furthermore, the Raman spectrum could depend on variables like the frequency, the intensity of the excitation laser and the luminosity of the sample. All of these make difficult a straightforward comparison between both methods to determine the oscillation energies of a crystalline lattice. Besides, there is a maximum at 141 K in figure 5 , but its height is relatively small compared to the maximum at 243 K. The Neel temperature corresponding to this compound is 160 K. Therefore, these results lead us to conclude that the specific heat variations due to the antiferromagnetic order are small compared to those induced in the charge ordering and ferromagnetic transitions. For the Ho 0.5 Ca 0.5 MnO 3 sample, we found a maximum at 276 K.
This maximum is correlated with the transition seen at high magnetic fields in the inverse DC susceptibility curve of figure 2. These experimental results and the resistivity measurements reported by T. Terai et al. 17 , indicate the existence of a phase transition between 270
and 280 K. However, electron diffraction studies would be needed to unambiguously classify this transition as CO.
V. Hardy et al. 28 reported similar measurements in a single crystal of Pr 0.63 Ca 0.37 MnO 3 .
They found a specific heat peak at 229 K and resistivity and magnetization curves indicated a charge ordering transition at 227 and 228 K, respectively. They also point out that part of the peak amplitude was due to the crystalline lattice distortions. Moreover, the specific heat curve showed an inflection point at 150 K, close to the corresponding T N = 160 K.
Similar characteristics were also found in a polycrystalline sample of La 0.37 Ca 0.63 MnO 3 23 .
Results in figure 5 allow us to calculate the variation in entropy (∆S), associated to the charge ordering, ferromagnetic and antiferromagnetic transitions:
where T i and T f are two temperatures conveniently chosen to delimitate the interval of interest and C ph is the specific heat due to the lattice oscillations. Using a model proposed by J. E. Gordon et al. 9 we estimated that the change in entropy needed to a full ferromagnetic transition in the Nd 0.5 Sr 0.5 MnO 3 sample was 12.45 J/(mol K). Therefore, the fact that the entropy variation found is 13 % of the theoretical value, confirms that only a small part of the spins order ferromagnetically. The same report of J.
E. Gordon et al. 9 found that the entropy variation associated to the ferromagnetic order in a 
C. Specific heat at low temperatures
For temperatures lower than 30 K, the phonon contribution to the specific heat starts to take a smaller part, and the C vs. T curve shows a slow variation. It is important to stress that high values of specific heat were found at low tempera- Hamilton et al. 29 .
The high values of specific heat found in our work could be interpreted as an increase in the effective mass of the electrons due to localization, which is also consistent with the insulating behavior revealed by electrical resistivity measurements 15 ,16,17 .
Continuous lines in figure 6 indicate the fitting of the experimental data between 15 and 30 K by the following expression 9 :
Here, C is the specific heat, T is the temperature and the parameters β 2n+1 represent the contribution of the phonon modes. Notice that we did not include the lowest temperature interval to avoid the Schottky anomaly. To be able to fit the whole temperature interval we have chosen values of n from 1 to 4. Nonetheless, this large number of free parameters difficult an unique determination of each one. Since from resistivity measurements 32 ,16,17 all the studied samples show an insulating behavior at low temperatures, and the applied magnetic fields are not strong enough to destroy this characteristic, the expected linear contribution, from the free electrons to the specific heat, is zero. obtained from β 3 , will be plotted in figure 7a . The graphs in the insets of figure 6 show the differences between the specific heat experimental data and the phonon contribution to the specific heat, extrapolated to low temperatures from the fitting in the temperature interval between 15 and 30 K. The Debye temperature was calculated using the values of β 3 and the following equation 22 :
where n is the number of atoms in the unit cell and R is the ideal gas constant. We should point out that the Debye temperature was estimated from the low temperature data. This procedure lead to a Debye temperature that is slightly different than the actual value of temperature for which the specific heat saturates. The Debye temperature from the low temperature data decreases with the increase of the applied magnetic field. We have also made specific heat measurements with a 9 T magnetic field, at high temperatures, for several charge ordered compounds 30 , and they show an increase of the specific heat when compared to the 0 T case, in agreement with the magnetic field dependence of the Debye temperatures.
Other authors 9 have made an initial assumption that the Debye temperature is magnetic field independent, which is not supported by our experimental results. Let us consider that Nd (Ho) ions be oriented by a molecular field interaction (H mf ),
and not by the exchange interaction between pairs of Nd-Nd ions (Ho-Ho) 9 . Assuming that H mf does not change with the external magnetic field, it is possible to estimate it, using a mean field model and the peak temperature in the specific heat. Considering a two level energy splitting ∆(H ), due to a magnetic moment m in an external magnetic field H , one finds in zero applied field ∆(0) = 2mH mf , and in H = 9 T the value changes to ∆(9 T) = 2m[H mf + 9 T]. One can also use that the energy splitting could be related to the peak temperature in the specific heat by ∆ = k B T S /0 .418 , a relation valid for a two level Schottky function 22 . Solving this system of two linear equations we found that showed that the second doublet in the Nd 3+ ion was approximately 120 K (in energy) above the lowest doublet. As this temperature is about 10 times higher than the temperature where the Schottky anomaly appears, the contribution of the second doublet is expected to be small. In a previous report 13 We also reported, to our knowledge for the first time, specific heat measurements with applied magnetic fields between 0 and 9 T and temperatures between 2 and 300 K in all these three samples. Each curve was successfully fitted at high temperatures by an Einstein model with three optical phonon modes. Close to the charge ordering and ferromagnetic transition temperatures the specific heat curves showed peaks superposed to the characteristic response of the lattice oscillations. The entropy variation corresponding to the charge ordering transition was higher than the one corresponding to the ferromagnetic transition.
Near 160 K in the two compounds with Nd 3+ ions the specific heat curve showed an abrupt change in slope, which were correlated to the corresponding antiferromagnetic transition.
Absolute values of specific heat close to 2 K were about 100 times higher in our samples than in other charge ordering samples like Pr 0.63 Ca 0.37 MnO 3 . At low temperatures the specific heat curve, in all three studied samples and measured magnetic fields, showed a Schottky-like anomaly. In all cases an increase in the applied magnetic field moves the Schottky peak to higher temperatures. However, the height of the peak and the entropy, behave differently in Nd 0.5 Sr 0.5 MnO 3 than in the other two samples. We could not successfully fit the curves by either assuming a singlet or a distribution of two-level-Schottky anomaly.
Besides, we did not find a straightforward correlation between the maximum temperature of the Schottky anomaly and the magnetic moment of the rare earth ions. More experiments are clearly necessary to unambiguously identify the origin of the Schottky anomaly and its possible correlation with the charge ordered phase.
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